We report on the time-resolved investigation of current-and field-induced domain wall motion in perpendicularly magnetized microwires exhibiting asymmetric exchange interaction by means of scanning transmission x-ray microscopy using a time step of 200 ps. Dynamical domain wall velocities on the order of 50-100 m s −1 were observed. The improvement in the temporal resolution allowed us to observe the absence of incubation times for the motion of the domain wall, together with indications for a negligible inertia. Furthermore, we observed that, for short current and magnetic field pulses, the magnetic domain walls do not exhibit a tilting during its motion, providing a mechanism for the fast, tilt-free, motion of magnetic domain walls.
Since the first observations that electrical currents can induce the motion of magnetic domain walls (current induced domain wall motion -CIDWM) through the spin transfer torque effect [1, 2] , many different mechanisms that allow for the motion of magnetic domain walls by electrical currents have been discovered. In particular, the discovery that spinorbit torques can displace magnetic domain walls [3] [4] [5] [6] [7] [8] [9] has allowed for the achievement of fast domain wall motion velocities (several hundreds of meters per second) in multilayer superlattice stacks optimized for both a high perpendicular magnetic anisotropy (PMA) and a large asymmetric exchange interaction (or Dzyaloshinskii-Moriya -DM -interaction).
These discoveries have allowed for the development and optimization of magnetic memory concepts based on CIDWM such as e.g. the racetrack memory [6] .
The unraveling of the domain wall motion dynamics is of paramount importance for the understanding of the physical processes behind their motion, such as e.g. the acceleration/deceleration of the domain wall at the start/end of the application of the electrical current (i.e. the inertia of the domain wall) [8, 10] , the effect of the DM interaction on the shape of the domain wall during its motion [11, 12] , and the differences between currentand field-induced domain wall motion (FIDWM) [11, 12] . Furthermore, the understanding of the dynamical processes is required in order to validate the theoretical models (such as e.g. the 1D model [5] ) currently employed for the description of the CIDWM and FIDWM processes.
The experimental investigation of the sub-ns temporal dynamics of the CIDWM and FIDWM processes requires a non-invasive microscopy technique combining a high spatial and temporal resolution (in the pump-probe regime) with an insensitivity to electric and magnetic fields. Only a few time-resolved studies of the CIDWM process exist [8] , but they are limited in temporal resolution (in Ref. [8] , time steps on the order of 5-20 ns are employed) and in the magnitude of the applicable current densities (due to the use of photoemission electron microscopy, which is extremely sensitive to variations in the surface potential of the sample [13] , as the probing technique).
In this letter, we report on the time-resolved investigation of the CIDWM and FIDWM processes in a Pt/Co 68 B 32 /Ir microwire using time-resolved scanning transmission x-ray microscopy (STXM). Time-resolved images of the dynamics of the CIDWM and FIDWM processes employing a time step of 200 ps were successfully acquired, and we could observe an indication of negligible inertia of the domain wall, along with the absence of a tilt of the domain wall when applying short current/field pulses.
Microstructured thin film wires of 2 µm width were fabricated by electron beam lithography followed by liftoff out of a Ta(3.2 nm)/Pt(2.6 nm)/[Co 68 B 32 (0.8 nm)/Ir(0.4 nm)/Pt(0.6nm)] ×3 /Pt(2.1 nm) multilayer superlattice stack deposited by sputtering (details on the deposition of a similar multilayer superlattice stack are given in Ref. [14] ). The microwires were fabricated on top of an x-ray transparent Si 3 N 4 membrane on a high resistivity Si frame. The microwires were contacted by 200 nm thick Cu electrodes fabricated by electron-beam lithography followed by a lift-off process. To generate the magnetic field pulses employed for the reset of the original magnetic state, an Ω-shaped, 400 nm thick, Cu coil was fabricated on top of the microwire by electron-beam lithography followed by a lift-off process. The electrical insulation between the microwire and the Ω-shaped coil is guaranteed by a 200 nm thick SiO 2 layer, deposited by electron-beam evaporation, between the microwire and the coil. A scanning electron micrograph of the sample is shown in Fig. 1 . The measurements of the CIDWM and FIDWM dynamics were carried out in a region of the Pt/Co 68 B 32 /Ir microwire where the current density is uniformly distributed across the microwire, as verified by finite element simulations of the current flow (see the area marked by ROI in Fig. 1 ). Due to the contribution from the interfacial DM interaction [14] , the Pt/Co 68 B 32 /Ir multilayered superlattices stabilize Néel-type domain walls. Due to the low number of repeats, it is expected that the chirality of the Néel-type domain wall will be the same for all of the three layers [15] . We verified this statement by conducting micromagnetic simulations of a Néel-type domain wall stabilized in the Pt/Co 68 B 32 /Ir stack employing MuMax3 [16] . The dynamics of the CIDWM and FIDWM processes were imaged using STXM at the PolLux (X07DA) endstation of the Swiss Light Source [17] . A Fresnel zone plate with an outermost zone width of 25 nm was employed for the measurements presented here.
The width of the entrance and exit slits to the monochromator was selected to achieve a spatial resolution on the order of 25 nm. Magnetic contrast was achieved by the xray magnetic circular dichroism (XMCD) effect [18] by tuning the circularly-polarized xrays to the Co L 3 absorption edge (about 778 eV). The quasi-static images (e.g. Fig. 2) were obtained by acquiring two images with opposite photon helicities, and calculating the XMCD contrast by subtracting the two images. Pump-probe time-resolved images were acquired employing circularly-polarized photons with negative helicity, with an avalanche photodiode detector combined with a dedicated field-programmable gate array setup [19, 20] . A time step of 200 ps was employed for the time-resolved measurements presented in this letter. The time position of the zero delay between pump and probe (also referred to as t 0 ) was determined with a fast laser diode connected to the same electronic setup employed for the excitation. The calibration of t 0 allowed for an accuracy of below 200 ps in the synchronization between the excitation signal and the recorded dynamical processes, providing a substantial improvement with respect to the first time-resolved measurements reported for CIDWM in PMA systems [8] .
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To guarantee the reproducibility necessary for carrying out pump-probe measurements, the following experimental protocol, shown in Fig. 2 with static XMCD-STXM images, was adopted: the sample was prepared in its original state by saturating it with a static magnetic field (of about 200 mT, well above the coercive field of the Pt/Co 68 B 32 /Ir multilayer), and ten thousand 4 ns-long pulses with a peak current of 350 mA were injected across the Ω-shaped coil, leading to the magnetic state shown in Fig. 2(a) . Following the initialization of the sample, the time-resolved measurements were carried out with the following procedure:
(i) a 5 ns long current pulse, leading to a peak current density of 9 · 10 11 A m −2 , was injected across the microwire, leading to a current-induced displacement of the domain wall ( Fig.   2(b) ); (ii) a 4 ns-long, 350 mA, current pulse was injected across the Ω-shaped coil, leading to the generation of a magnetic field that displaced the domain wall back to its original position ( Fig. 2(c) ).
As expected from the contribution of the spin-orbit torques to the domain wall motion (caused by the spin Hall effect, leading to the generation of a transverse spin current in the heavy metal present in the multilayered superlattice stack [3] ), the magnetic domain walls are displaced along the direction of the electrical current (i.e. opposite to the direction of the electron flow) [3] [4] [5] [6] [7] [8] . For a 5 ns-long current pulse, a displacement of about 250 nm was observed for the magnetic domain wall, leading to an average domain wall velocity of 50 m s −1 , in agreement with the observed velocities for similar multilayer superlattice stacks [4, [7] [8] [9] . Figure 3 shows snapshots of a time-resolved image of the CIDWM and FIDWM processes (2 ns time step). In order to better visualize the domain wall motion, the images shown in Fig. 3 show the variation in the spin configuration at each frame with respect to the magnetic configuration after the restoration of the original magnetic configuration with the magnetic field pulse for (a) and with respect to the magnetic state after the CIDWM for (b). In contrast to XMCD-PEEM imaging, STXM is insensitive to the surface potential, therefore allowing us to investigate the domain wall motion at high current densities without the image distortions and losses of focus present for PEEM imaging of microwires under an applied voltage difference [8] .
By determining the changes in the magnetic contrast over the excitation cycle (for the time-resolved images with a 200 ps temporal resolution), shown in Fig. 4 for both the CIDWM (4(a)) and FIDWM (4(b)) processes, additional information on the dynamics can the Ω-shaped coil, shown in the inset of Fig. 4(b) . The spatial distribution of the out-ofplane magnetic field generated by the Ω-shaped coil provides a minimum in the energy for the position of the magnetic domain wall and, once the domain wall reaches that position, the motion will halt. It is worth to note here that the oscillations of the recorded contrast after the magnetic field pulse in Fig. 4(b) are a measurement artifact due to the cross talk between the Ω-shaped coil and the avalanche photodiode detector of the STXM setup.
For both the CIDWM and FIDWM processes, the motion of the domain wall starts synchronously with the current or field excitation, at least within the available time step of 200 ps. The observation of the absence of an incubation time for the motion of the domain walls provides a strong confirmation that the Néel domain walls stabilized in the Pt/Co 68 B 32 /Ir PMA multilayer superlattice stack reported here exhibit a negligible inertia, similarly to previous observations on Pt/Co/AlO x thin films [8] . This observation is further backed by the sudden halt of the domain wall motion at the end of the current pulse, indicating a fast deceleration of the domain wall (see Fig. 4(a) ).
Furthermore, as shown in Fig. 3 , the magnetic domains do not appear to tilt during their displacement induced either by the magnetic field pulse or by the electrical current, remaining therefore normal to the wire axis. This seems, at a first glance, in contrast with the models proposed in Refs. [10, 11] , and with quasi-static experimental observations [21] . However, in agreement with the predictions reported in Ref. [12] , microwires with a large width (such as the 2 µm wires reported here) exhibit a long transient before reaching a steady-state motion with a defined domain wall tilt. At the start of such transient, fitting our experimental observations, the motion of the domain wall can be approximated as tilt-free.
Therefore, a possible approach to reduce the effect of domain wall tilting while still keeping a reliable domain wall motion could be to employ short current/field pulses. The absence of an incubation time and the negligible inertia of these domain walls will guarantee that 8 the short current/field pulses will displace the domain wall, whilst however being too fast to cause a sizable tilting of the domain wall. The application of a train of short current/field pulses could then be employed for long-distance displacement of the magnetic domain walls.
This motion protocol is similar to the one reported in Ref. [21] , where it was observed that short current pulses lead to a different behavior of the domain wall motion if compared to longer current pulses.
In conclusion, we have reported on the time-resolved imaging of the current-and field- The substantial improvement in the temporal and spatial resolution that we report here combined with the insensitivity of STXM imaging to the surface potential of the sample will allow for the investigation of a wide range of current densities and pulse durations. Future measurements with longer pulse durations can e.g. be aimed at the investigation of the domain wall tilting process as a function of the pulse duration, or of the acceleration and deceleration processes of the magnetic domain walls in larger wires [10] . 
